Objective-Many forms of epilepsy are associated with aberrant neuronal connections, but the relationship between such pathological connectivity and the underlying physiological predisposition to seizures is unclear. We sought to characterize the cortical excitability profile of a developmental form of epilepsy known to have structural and functional connectivity abnormalities.
Introduction
Epilepsy is one of the most common, disabling, and costly neurological disorders in the world. In many forms of epilepsy, both acquired and developmental, aberrant connections involving cortical neurons appear to be pathogenically important. [1] [2] [3] Such circuitry has been associated in animal models with both local disturbances of cortical excitability as well as functional alterations in larger brain networks. [4] [5] Unfortunately, our ability to investigate these physiological changes in patients with epilepsy is limited. Intracranial electrode recordings have shown signs of hyperexcitability within epileptogenic cortex as well as excessive synchrony between aberrantly connected regions of gray matter. 2 However, these studies require neurosurgical implantation and do not allow for significant experimental control or manipulation.
The unique developmental brain malformation of periventricular nodular heterotopia (PNH) offers an opportunity to study epileptogenic circuits and focal hyperexcitability in an anatomically well-characterized and often genetically determined disorder that leads to a seizure disorder only after an average latency of 20 years from birth. [6] [7] [8] [9] [10] [11] PNH is a commonly encountered epileptic brain malformation, has a distinct radiological appearance that facilitates its initial diagnosis (Fig 1) , 12 and generally presents with the clinical triad of epilepsy, reading disability, and normal intelligence. 13, 14 We previously demonstrated that the deep nodules of heterotopic gray matter in PNH are structurally and functionally connected to discrete foci of overlying cerebral cortex, and that the strength of this abnormal connectivity is higher among patients with longer durations of epilepsy. 15 In addition, we showed systematically that periventricular nodules can be metabolically co-activated with cortical regions during the performance of specific cognitive tasks, supporting the notion that these heterotopic nodules become integrated into functional cortical circuits. 16 We hypothesized that epileptogenesis in this disorder is related specifically to focal hyperexcitability in cortical regions that have aberrant connectivity to the deep heterotopia, based on results from functional imaging, intracranial electroencephalography (EEG), and surgical outcome studies suggesting that particular areas of cortex might be critical to the generation of an epileptic state. 7, [9] [10] [11] 17 Proof of this hypothesis could potentially have broad mechanistic and therapeutic implications for similar forms of epilepsy, particularly those with a long latency to seizure onset, abnormal circuitry demonstrable by neuroimaging, or deep lesions inaccessible to noninvasive forms of antiepileptic brain modulation. A demonstration of cortical hyperexcitability that is spatially restricted to regions of abnormal functional connectivity would also expand our understanding of resting-state functional connectivity, as connectivity abnormalities have been identified in numerous neurological and psychiatric conditions but direct evidence that they have electrophysiologic significance is limited. 18, 19 In this study, we employed single-pulse transcranial magnetic stimulation (TMS) with simultaneous scalp EEG recording to investigate the cortical excitability profile of patients with PNH. TMS-EEG is a safe and noninvasive technique that has been used to probe cortical activity in a variety of seizure disorder subtypes. [20] [21] [22] By using connectivity imaging findings to guide TMS targeting in a novel experimental design, we sought to determine the physiological implications of aberrant connectivity in this epileptic brain disorder.
Methods

Subject recruitment
Patients with epilepsy related to PNH were drawn from a research database of individuals with malformations of cortical development who had participated in prior studies, and whose initial connectivity imaging results were previously reported by us. 15 Patients with a neuroimaging-confirmed diagnosis of PNH based on the presence of at least two visible nodules of heterotopic gray matter adjacent to the lateral ventricle, each seen on more than one plane of sequence and on at least two consecutive images in one of those planes, were eligible to be enrolled. Those with prior brain surgery, inability to tolerate magnetic resonance imaging (MRI), or a specific MRI or TMS contraindication (including pregnancy) as set forth in standard institutional research protocols were excluded. Healthy control subjects, recruited from an existing research database and through advertisements, were matched to the PNH subjects by age (within 5 years), gender, and handedness. All control subjects were free of neurological symptoms and had normal anatomical brain MR images. All study participants provided written informed consent in accordance with research protocols approved by the institutional review boards of Beth Israel Deaconess Medical Center and the Massachusetts Institute of Technology.
Brain image acquisition
Anatomical images and functional connectivity (fc) MRI images were acquired in all PNH subjects as previously described 15 on a Siemens 3-Tesla Magnetom Trio Tim system using a commercial 12-channel matrix head coil (Siemens Medical Solutions, Erlangen, Germany) and tetrahedron-shaped foam pads to minimize head movement. Sagittal localizer scans were aligned to a multisubject atlas to derive automatic slice prescription for consistent head position across subjects. High-resolution structural whole-brain images were acquired using a T1-weighted sequence with 128 slices per slab, a 256 · 256 matrix, a field of view (FOV) of 256 mm, a slice thickness of 1.33 mm with 0.63 mm interslice gap, repetition time (TR) of 2,530 milliseconds (ms), inversion time of 1,100 ms, echo time (TE) of 3.39 ms, and flip angle of 7 degrees. Resting-state functional image acquisition was performed while subjects were asked to rest quietly (acquisition time 6.4 min), using an echo-planar sequence sensitive to blood oxygenation level-dependent (BOLD) contrast with TR of 6,000 ms, TE of 30 ms, FOV of 256 mm, voxel size of 2.0 · 2.0 · 2.0 mm, and flip angle of 90 degrees.
Functional connectivity analysis
fcMRI analyses were performed on the functional image data acquired during the task-free resting state with an in-house software toolbox, using methods previously described. 23, 24 Functional images were realigned and coregistered to anatomic images for each PNH subject, without normalization. Images were segmented and BOLD signal was extracted. A band-pass filter (0.01 Hz < f < 0.1 Hz) was applied, and Gaussian smoothing was performed (6 mm full width at half maximum). Several possible confounding sources of noise were identified and removed. 25 For each subject, multiple regions of interest (ROI), which together encompassed the entire volume of heterotopic gray matter, were manually outlined in native space using MRICroN software 26 and served as seed regions for analysis. Colorcoded functional connectivity maps were created for each seed ROI, showing correlations between the average BOLD signal time series of the ROI and that of every voxel in the brain, subject to a voxel-wise statistical threshold of p < 0.001 and cluster thresholding with an intensity cutoff as previously described. 15
Stimulation target creation
For each PNH subject, two regions of interest (the "connected region" and the "nonconnected region") were determined based on the functional connectivity results. The connected region was manually outlined in MRICroN as a discrete region of cortex that demonstrated significant functional connectivity to a gray matter heterotopia ROI in the subject, based on the analyses described above (Fig. 1 ). The non-connected region served as a control site and was manually outlined as a separate, discrete region of cortex that met the following criteria: 1) located within the same hemisphere as the connected region but at least 2.5 cm away from it across the cortical surface (to avoid neighborhood stimulation effects during TMS); 2) contained the same volume of brain tissue as the connected region; 3) demonstrated no evidence of significant functional connectivity (as identified by the methods described) to any gray matter heterotopia ROI in the subject. Targets for neuronavigated TMS were placed in the center of the connected and non-connected regions. The exact MNI coordinates for each target in each PNH subject were then used for creation of the corresponding target in the matched healthy control subject. Targets were transferred directly into the TMS navigation software for visualization during the stimulation paradigm.
TMS-EEG experimental setup
TMS was performed with a Nexstim eXimia stimulator with real-time MRI neuronavigation (Nexstim NBS software version 3.2.1, Nexstim Ltd, Helsinki, Finland) to ensure accurate stimulation of the targets defined by resting-state fcMRI. Monophasic pulses of TMS were administered via figure-of-eight coils (mean diameter 59 mm, outer diameter 70 mm), with the coil handle oriented posteriorly, perpendicular to the long axis of the target gyrus. Electroencephalography (EEG) was recorded with a 60-channel TMS-compatible system (eXimia EEG, Nexstim Ltd), which utilizes a sample-and-hold circuit that holds the amplifier input constant from 100 μs pre-stimulus to 2 ms post-stimulus to avoid amplifier saturation by TMS. 27 EEG signals were referenced to an additional electrode on the forehead, filtered (0.1 -500 Hz) and sampled at 1450 Hz with 16 bit resolution. Two extra sensors recorded electrooculogram (EOG). Electrode impedance was kept below 5 kΩ at all times. Resting motor threshold (RMT) was determined via surface electromyography (EMG) recorded using pre-gelled disposable Ag/AgCl electrodes, with the active electrode over the first dorsal interosseus (FDI) muscle, the reference electrode over the metacarpophalangeal joint, and the ground electrode over the wrist (Table 1) .
TMS-EEG data acquisition
Subjects were seated in a comfortable chair, and were asked to keep their eyes open, stare straight ahead and maintain a relaxed state during stimulation. They were continually monitored for signs of drowsiness. All subjects wore earplugs to minimize risk of acoustic trauma. 28 At the beginning of each experiment, the RMT was determined by applying single pulses of TMS to motor cortex ipsilateral to the connected target site while the coil was placed at the optimal position for eliciting motor evoked potentials (MEPs) from the contralateral FDI muscle. The RMT was conventionally defined as the minimum stimulus intensity that elicited a MEP of at least 50 μV in at least five out of ten trials. 29 Up to 80 single pulses of TMS at an intensity of 120% RMT were then administered every 5-6 seconds to the connected target and the non-connected target, with simultaneous EEG recording. The order of stimulation of the target sites was randomized across subjects. In one subject (number 3 in Table 1 ), 120% RMT was greater than maximum stimulator output (MSO); in this subject, as well as in the matched control, single pulses of TMS were administered at 100% RMT (92% MSO).
TMS-EEG data preprocessing
TMS-EEG data were processed offline using the EEGLab toolbox 30 and custom scripts running in MATLAB R2012b (The Mathworks, Inc., Natick, MA, USA). To minimize the effects of large-amplitude early TMS artifacts on subsequent preprocessing steps, and for visualization purposes, EEG datapoints during the period from 0 ms to 40 ms after each stimulation pulse were replaced by interpolating between the potentials recorded at these two time points with a half-Gaussian curve with ends matched to the signal at 0 and 40 ms. Since our analyses were restricted to the time period from 100 ms after the pulse onward, this had no impact on our analyses. The TMS-EEG data were then downsampled to 1000 Hz, bandpass filtered between 1 and 100 Hz, and notch filtered at 60 Hz using a zero-phase finite impulse response (FIR) filter. The continuous data were epoched from 1000 ms before to 2000 ms after each TMS pulse. Epochs were corrected with respect to the TMS-free prestimulus baseline period (−1000 ms to −100 ms). Each epoch was manually reviewed (by multiple researchers independently), and electrodes and epochs contaminated by significant muscle, movement, bad signal quality or high-amplitude artifacts were removed. The data were then re-referenced to an average reference. Independent component analysis (ICA) was subsequently performed to identify and remove components reflecting residual muscle activity, eye movements, blink-related activity, and residual stimulation-related artifacts. Components were identified as artifactual based on their topography, time courses, spectral characteristics, and association with EOG and/or stimulation pulse. After ICA cleaning, deleted electrodes were recomputed using a spherical spline interpolation, and the resulting datasets were low-pass filtered at 50 Hz. The average (across epochs) TMS-evoked potential was then calculated at each electrode for each subject. To minimize the effects of any residual early TMS-evoked artifacts on our results, we focused our subsequent analysis on the time period from 100 to 1000 ms after each stimulation pulse.
TMS-EEG data analysis
Global Mean Field Potential Analysis-For each subject, the Global Mean Field Potential (GMFP) 31 was calculated as a function of time. The GMFP has been used as a measure of the global brain response to TMS, 32, 33 and is calculated using the equation:
where K is the number of electrodes, V i (t) is the voltage measured at electrode i at time t, and V mean (t) is the mean voltage across electrodes at time t.
In order to test our hypothesis that focal cortical hyperexcitability exists in patients with PNH and epilepsy, we segmented the TMS-evoked response into four time periods for analysis, based on prior studies demonstrating the normal response of primary motor cortex to single-pulse stimulation, 32 and studies reporting specific abnormalities of stimulationevoked potentials (recorded by EMG and EEG) in patients with epilepsy. 21, 34, 35 The time periods were: (1) 100 -225 ms after the TMS pulse, corresponding to the period during which evoked activity is normally present (at least with stimulation of primary motor cortex); (2) 225 -400 ms after the TMS pulse, corresponding to the period that showed the greatest differences between epilepsy patients and healthy controls in prior TMS-EMG studies of primary motor cortex; 32 (3) 400 -700 ms after the TMS pulse; and (4) 700 -1000 ms after the TMS pulse, to evaluate for abnormal delayed activity, as a previous TMS-EEG study suggested might be present in patients with epilepsy. 21 For each subject, we calculated the area under the curve (AUC) of the baseline-corrected GMFP (AUC-GMFP) produced by stimulation of the connected target and the nonconnected target during each time period. The absolute magnitude of the evoked response can vary widely between individuals because of factors independent of cortical physiology (such as skull-cortex distance and individual brain anatomy), and as a function of brain region. To enable comparative assessments of the late elements of the evoked response independent of the absolute magnitude, we calculated the ratios of the delayed response to the early response. Specifically, we divided the AUC-GMFP during the three later time periods (225-400 ms, 400-700 ms, and 700-1000 ms) by the AUCGMFP during the initial time period after TMS stimulation (100 -225 ms). We refer to the resulting values as the "normalized AUC-GMFP." To obtain another measure of the evoked response, in the time periods showing significant differences on the normalized AUC-GMFP measures, we also identified the maximum amplitude of the largest peak in the GMFP produced by stimulation of the connected target and the non-connected target for each subject. The amplitudes of the largest peaks in these time periods were subsequently normalized by the amplitude of the largest peak in the 100 -225 ms time period.
Group comparisons-We evaluated differences in the TMS-evoked activity between all PNH subjects (regardless of epilepsy status) and their matched controls. For both the connected targets and the non-connected targets, we assessed the significance of differences in the raw AUC-GMFP and in the normalized AUC-GMFP between all subjects with PNH and their matched controls using paired t-tests. For the raw AUC-GMFP, as there were four time periods being compared for each stimulation site, differences were defined as significant at a p-value of less than 0.0125 (Bonferroni corrected p < 0.05). For the normalized AUC-GMFP, as there were three time periods being compared, the significance threshold was set at a p-value of less than 0.0167 (Bonferroni corrected p < 0.05). For the time periods that demonstrated significant group differences in AUC-GMFP measurements, we also evaluated group differences in the normalized amplitude of the maximum GMFP peaks, using paired t-tests with a significance threshold of Bonferroni-corrected p < 0.05. Finally, to further evaluate the time course of the evoked response, we also determined the mean GMFP amplitudes (across subjects) over time, and conducted paired t-tests at each time point. To correct for multiple comparisons, we used a false discovery rate (FDR) threshold of < 0.05 36 , as this has been suggested to be optimal for exploratory studies of evoked potential data. 37 Since our specific hypothesis predicted that abnormalities in cortical excitability would be most prominent in patients with active epilepsy, we repeated these analyses in the subset of five PNH subjects with at least one seizure in the past year (and their matched controls).
Similarly, to assess whether there were systemic differences in the evoked response produced by stimulation of the pathologically connected versus non-connected target sites, we examined differences in the raw AUC-GMFP and normalized AUC-GMFP produced by stimulation of the connected versus non-connected targets in PNH subjects using paired ttests, correcting for multiple comparisons done at each target. We also determined the mean GMFP amplitudes over time, as above, using paired t-tests and a FDR threshold < 0.05. To ensure that any resulting differences were not simply due to intrinsic differences in excitability between the cortical regions represented among the connected and nonconnected targets, we determined these values with stimulation of the connected and nonconnected sites in the matched control subjects as well.
Spatial distribution of abnormal evoked activity-The GMFP analysis provides a measure of the global response to TMS. We also examined the spatial topography of the abnormalities in evoked activity uncovered by GMFP analysis. For each electrode, the root mean square voltage (RMSV) during each time period was determined in each subject:
where V i (t) is the voltage measured at electrode i at time t, t tp is the beginning of the time period (100, 225, 400 and 700 ms) and T tp represents the ending of the time period (225, 400, 700 and 1000 ms). As in the normalized AUC-GMFP analyses, the single-electrode RMSV during the later time periods (225-400 ms, 400-700 ms, 700-1000 ms) was normalized by dividing by the RMSV during the initial time period (100-225 ms), and the resulting normalized RMSV was subsequently log transformed for variance stabilization and to facilitate graphical representation of changes in the relative amplitude of evoked activity.
To isolate the regions that showed differential delayed-activity between PNH subjects with active epilepsy and their matched controls, the log-transformed normalized RMSV from the healthy controls were subtracted from the values obtained from stimulation of the same site in the corresponding PNH subjects. A positive result indicates that the normalized RMSV was greater in the PNH subject than in the matched control subject, whereas a negative result indicates the converse.
Analysis of local evoked activity-To further evaluate whether abnormalities in evoked activity were due solely to changes in local (versus distributed) activity, we examined the TMS-evoked responses in the region of stimulation. For each subject, the neighborhood of electrodes immediately surrounding the site of stimulation was defined as the region of interest. For each time point, the mean of the absolute value of the voltages across electrodes (in this region of interest) was determined (referred to as V l ):
where V i (t) is the voltage measured at electrode i at time t and K n is the set of neighboring electrodes.
As in the AUC-GMFP analysis, the AUC of the mean absolute local voltage (AUC-local) was determined for each time period (100-225 ms, 225-400 ms, 400-700 ms, and 700-1000 ms), and the AUC-local during the later three time periods was normalized by dividing by the AUC-local during the initial time period. Significant differences between PNH subjects with active epilepsy and their matched healthy controls were assessed via paired t-tests, adjusted for multiple comparisons.
Electrical source imaging of evoked activity-One PNH subject (subject 2 in Table  1 ) had interictal epileptiform discharges and ictal recordings available on conventional scalp EEG (with 19 channels and a 10-20 montage). For this subject, we investigated whether abnormal TMS-evoked EEG activity had generator sources that spatially coincided with the known epileptogenic zone by comparing the electrical source analysis of these TMS-EEG peaks with that of the two most prominent available interictal discharges and the two available ictal onsets.
Source analysis of EEG data was performed using minimum norm estimate (MNE) software 38, 39 with anatomical surfaces reconstructed using the Freesurfer package. 40 MNE provides a distributed source estimate of cortical currents incorporating constraints from a subject's MRI, transforming the data to brain space without requiring heuristic choices or strong assumptions about the sources. Electrode location for this subject was not available (as an interpretable digitized file); thus, in order to find the electrode location, a file from an alternate patient with similar approximate head size was used. The subject's cortical surface 
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Author Manuscript was reconstructed from T1-weighted magnetization-prepared rapid acquisition gradient-echo (MPRAGE) data. 40 Electrode coordinates were aligned using the nasion and auricular points as fiducial markers. Head modeling utilized a three-layer boundary element method (BEM) model that was generated using the reconstructed cortical surface and fast low-angle shot (FLASH) MRI data, composed of the scalp, skull and brain with electrical conductivities of 0.33 S/m, 0.0042 S/m and 0.33 S/m, respectively. 38 A three-dimensional grid with 5 mm spacing was used to form the solution space. The forward solution was calculated by using the BEM. The inverse operator was computed from the forward solution with a loose orientation constraint of 0.6 to eliminate implausible sources and 2 μV as the estimate of EEG noise. The resulting source data was thresholded to identify the region of maximal activity.
Results
Study population
Eight patients with PNH were recruited (Table 1) , along with eight age-, gender-, and handedness-matched healthy control individuals. All PNH subjects had a history of at least one seizure in their lifetime; five (62%) had active epilepsy, with at least one seizure in the year prior to the TMS study visit. Seizure frequencies in these five subjects ranged from approximately one seizure per week to approximately one seizure every six months; interictal epileptiform discharges (IEDs) on EEG were present in one of these five. The remaining three PNH subjects (38%) had well-controlled epilepsy, with no seizures in the preceding five years; one of these three had IEDs on EEG. All PNH subjects had at least two heterotopic gray matter nodules; five (62%) had bilateral nodules.
Stimulation targets
A target site functionally connected to a region of periventricular heterotopic gray matter ("connected target") and another target site within the same hemisphere without abnormal functional connectivity ("non-connected target") were defined for each PNH subject as described in Methods. The targets were right hemispheric in five subjects (62%) and left hemispheric in three. The connected targets were located in the frontal (25%), temporal (25%) and parietal (50%) lobes (Fig. 2) . The non-connected targets were located in the frontal (50%), parietal (38%) and occipital (12%) lobes.
TMS-evoked potentials and GMFP analyses
TMS-evoked potentials-In both PNH subjects and matched controls, TMS evoked a time-locked response characterized by recurrent waves of activity that evolved in amplitude and spatial distribution, lasting several hundred milliseconds (e.g., Fig. 3 A-E). The precise pattern of activity varied as a function of the stimulation site, and thus varied between the connected and non-connected targets, and between subject pairs (for example, note the different patterns evoked by stimulation of a different site in another PNH subject and healthy control pair in Fig. 4 A-B ; see also Supplemental Fig. S1 for the raw GMFPs provoked by stimulation in all subjects).
Despite the variability in the TMS-evoked potentials between stimulation targets within subjects and between subject pairs, some prominent features were apparent. In healthy controls, stimulation resulted in an evoked response that was maximal within the first 225 ms and then attenuated ( Fig. 3 C, E; Fig 4 B ). In contrast, in PNH subjects with active epilepsy, the response evoked by stimulation of the abnormally connected target was sustained ( Fig. 4 A) or even increased ( Fig. 3 A) at later time points. This was true even for those subjects with normal interictal EEG findings, notably including one (subject 1; Fig. 4 A) who had no interictal epileptiform discharges (IEDs) recorded during 11 days of continuous EEG monitoring (that did capture three electrographic seizures). Topographic mapping of these delayed responses demonstrated evolving spatial distributions of evoked activity throughout the later time periods.
GMFP analysis -PNH subjects compared to healthy controls-There was a significant difference (Bonferroni corrected p < 0.05) between PNH subjects with active epilepsy and their matched healthy controls in the normalized AUC-GMFP with stimulation of the connected target ( Fig. 3 B, D, F; Supplemental Fig. S1 ). Specifically, the normalized AUC-GMFP produced by stimulation of the connected target was significantly greater in those with active epilepsy for the 225 -400 ms as well as the 400 -700 ms periods; there was no significant difference in the 700 -1000 ms period. In contrast, there were no significant differences in the normalized AUC-GMFP with stimulation of the non-connected target.
When comparing all PNH subjects (regardless of epilepsy status) with their matched controls, there were no significant differences (Bonferroni corrected p > 0.05) in either the normalized AUC-GMFP after stimulation of either the connected target or the nonconnected target in any time period. There were also no significant differences between PNH subjects (or the subset with active epilepsy) and matched healthy controls in the raw AUC-GMFP for any time period with stimulation of either target.
There was a significant difference between PNH subjects with active epilepsy and their matched controls in the normalized amplitude of the largest peaks in the GMFP evoked by stimulation of the connected target during the 225 -400 ms and 400 -700 ms time periods (Table 2 ; Bonferroni-adjusted p < 0.05), again consistent with a relative increase in late activity with stimulation of the connected target. There were no significant differences between these subjects and their matched controls in normalized maximal peak amplitudes with stimulation of the non-connected site, or between all PNH subjects and their matched controls with stimulation of either site.
There were no significant differences in the GMFP amplitudes at any individual time point with stimulation of either target, although the pattern of the activity evoked by stimulation of the connected target appeared different between PNH subjects with active epilepsy and their matched controls ( Fig. 3 E) .
GMFP analysis -Connected targets compared to nonconnected targets-
There were differences in evoked activity with stimulation of the connected versus nonconnected target site in PNH subjects and their matched controls ( Fig. 5 A-D) . There was a significant difference (Bonferroni corrected p < 0.05) in the normalized AUC-GMFP between stimulation of the connected versus non-connected target sites in all PNH subjects. Specifically, the normalized AUC-GMFP was significantly greater with stimulation of the connected target for the 225-400 ms and the 400-700 ms time periods; there was no significant difference for the 700-1000 ms time period. These differences were not simply due to inherent differences between the cortical regions represented by the connected and non-connected targets, as there were no significant differences in the normalized AUC-GMFP between stimulation of the two sites in the matched healthy controls (p > 0.05). A similar effect was seen in the subset of patients with active epilepsy, although the difference only reached significance (Bonferroni corrected p<0.05) for the 225-400 ms time period in this smaller subgroup.
There was no significant difference in the raw AUC-GMFP evoked by stimulation of the connected versus non-connected target in any of the subject groups. There were no significant differences in the normalized amplitudes of the largest peaks with stimulation of the connected versus non-connected target in any group, except for a significant increase (p < 0.05) in the normalized maximum peak in the 400-700 time range with stimulation of the connected versus non-connected target in the PNH subjects with active epilepsy. There were no significant differences in the magnitude of the GMFP with stimulation of the connected versus non-connected target at any time point in either the PNH subjects or the matched controls (FDR > 0.05). .
Spatial distribution of abnormal evoked activity
We evaluated the spatial distribution of the abnormally increased delayed activity produced by stimulation of the connected targets in PNH subjects with active epilepsy relative to their matched controls. Topographic plots displaying the differences in the log-transformed RMSV (see Methods) with stimulation of the connected targets are shown ( Fig. 6 ). Whereas in some subjects increased evoked activity was present at or immediately adjacent to the site of stimulation (e.g. subject pair 3), in others the focus of increased activity was spatially remote from the stimulation site (e.g. subject pair 1, left column). Notably, regions with increased activity were often located in the contralateral hemisphere. Furthermore, multiple discrete regions of abnormally increased activity were often present (e.g. subject pairs 1, 4, 5). There were no significant differences (Bonferroni corrected p > 0.05) between PNH subjects with active epilepsy and their matched controls in the measure of local evoked activity (see Methods) produced by stimulation of the connected targets for any time period.
Electrical source imaging
Subject 2 was the only PNH patient who had an epileptogenic zone determinable on available scalp EEG recordings. In order to identify whether the late TMS-EEG peaks (at 289 and 501 milliseconds after stimulation of the connected target; Fig. 3A ) had generator sources that were spatially coincident with the spike and seizure focus, we performed source analysis on the two TMS-EEG peaks ( Fig. 7 A-B) , the two most prominent available interictal discharges ( Fig. 7 C, E) , and the two available periods of ictal onset on the subject's scalp EEG recordings ( Fig. 7 D, F) using the MNE method as described.
In all six instances, source imaging results converged on a focus in the right frontal lobe. This region was not near the connected target of stimulation (as seen in Fig. 2 ), but instead overlapped with a cortical region that demonstrated functional connectivity to an underlying gray matter heterotopic nodule in the right hemisphere.
Discussion
Here we demonstrate that patients with epilepsy associated with the developmental brain malformation of PNH show evidence of altered cortical physiology, and that these changes detected by TMS-EEG appear to be limited to cortical regions with aberrant functional connectivity to deep regions of gray matter heterotopia. The nature of these abnormalities, which are specifically characterized by a relatively augmented late response that is widely distributed beyond the site of local stimulation, is most consistent with cortical hyperexcitability, and supports the hypothesis that aberrant gray matter connectivity in this disorder leads to epileptogenesis through alterations in cortical neurophysiology. In the one subject who had an epileptogenic zone determinable by scalp EEG, the generator source of the abnormal TMS-evoked activity was spatially coincident with the spike and seizure onset zone. The findings from our small sample support the potential utility of TMS-EEG as a novel and informative biomarker in certain forms of epilepsy, expand our mechanistic understanding of network changes as the pathobiological basis for seizures in gray matter heterotopia, provide support for the use of resting-state functional connectivity imaging in neuropsychiatric disorders, and raise the possibility of noninvasive therapeutic neuromodulation in similar seizure disorders associated with deep lesions.
TMS-EEG and cortical excitability in epilepsy
TMS has been increasingly used in recent years as a safe and noninvasive technique of probing cortical physiology in a number of neurological and psychiatric disorders. 41, 42 TMS has typically been coupled with the electromyographic recording of MEPs during stimulation of the motor cortex, and numerous TMS-MEP studies in epilepsy have shown alterations in motor cortex excitability, including in patients with both focal 43 and generalized 44 syndromes. The use of TMS with simultaneous scalp EEG, though technically challenging, allows for the determination of physiological responsiveness over more widespread regions of nonmotor cortex. The TMS-evoked cortical response as recorded on EEG consists of a highly reproducible sequence of early waveforms that provide information on the excitability and oscillatory properties of the stimulated cortical target; these are thought to reflect fluctuations of excitatory and inhibitory postsynaptic activity, particularly as modulated by GABAergic neurotransmission. 45, 46 A small number of TMS-EEG studies have shown that hyperexcitability and late oscillatory activity can be seen from nonmotor regions of cortex in epilepsy patients, 21, 22 suggesting augmented excitatory and/or diminished inhibitory local activity and a prolonged reverberation of cortical activity as contributors to the epileptic state. Our data confirm and extend these prior results. The analysis of TMS-evoked potentials allows us to determine cortical excitability "on demand", rather than wait for spontaneous epileptiform activity. Indeed, 80% of our patients with active epilepsy had normal interictal EEG recordings, yet there were robust abnormalities in TMS-evoked responses in this group, indicating that TMS-EEG adds information above and beyond scalp EEG studies, even long-term recordings (as demonstrated in subject 1, who had no IEDs during 11 days of continuous recording). In our study, demonstration of the relative augmentation of late (>225 ms poststimulation) responses, which takes the form of persistent oscillatory activity with widespread and shifting topography, appears to be most consistent with a reverberation of epileptic activity through large-scale neural circuits.
Aberrant connectivity and network changes in epileptogenesis
PNH is an uncommon disorder, estimated to be responsible for about 2% of medically refractory epilepsy. 6 However, its unique characteristics make it well-suited as a model for circuit epileptogenesis, due to its well-defined and often genetically determined anatomical findings, its long latency to epilepsy onset, and its association with normal intelligence (which allows for cooperation with imaging, stimulation, and behavioral testing in the absence of confounding cognitive impairment). A longstanding question in PNH and related cortical malformations is how the onset of epilepsy can be delayed for years or decades after birth given the striking abnormalities of cerebral architecture that arise from defects in neuronal migration or other steps in fetal brain development. This study links the known alterations in structural and functional connectivity in PNH 15 to specific changes in cortical physiology that may underlie the process of epileptogenesis. While some patients with PNH have bilateral widespread nodules, others have more anatomically limited regions of heterotopia. Our finding of a significant difference in the late TMS-evoked response between cortical regions with demonstrated aberrant connectivity and control regions without such connectivity, within the same hemispheres of the same individuals, demonstrates that hyperexcitability in PNH is not simply a diffuse phenomenon but is specifically linked to the presence of cortico-heterotopic circuitry. Indeed, in the one subject with an identifiable epileptogenic zone by scalp EEG, source modeling results for interictal spikes, ictal epileptiform activity, and abnormal late TMS-EEG activity all converged on a right frontal focus, where a region of aberrant functional connectivity to underlying heterotopia was seen.
A number of very common epileptic conditions are now thought to be associated with the gradual development of aberrant cortical connectivity over time, 3 including epilepsy after head injury 47 , post-stroke epilepsy 48 , and epilepsy of medial temporal lobe onset. 49 Similar studies in these disorders could identify whether pathologic circuit mechanisms analogous to those in gray matter heterotopia also lead to seizures in these conditions.
Neurophysiological markers of aberrant resting-state functional connectivity
A fundamental concept underlying resting-state fcMRI studies is that regions with coherent BOLD fluctuations interact in a neurophysiologically meaningful manner, and that alterations in the "normal" pattern of resting-state connectivity have pathologic significance. 50 However, direct physiologic evidence for this concept is lacking. In this study, regions with abnormal resting-state connectivity were shown to have abnormal TMSevoked EEG activity that correlated with disease state, whereas regions without such connectivity did not show such abnormalities. These results provide critical evidence that 
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The potential for noninvasive therapeutic modulation based on connectivity imaging
Low-frequency repetitive TMS (rTMS) is known to down-modulate cortical excitability at the stimulation target, and in some clinical trials for epilepsy, has significantly reduced seizure frequency, particularly when ictal foci are neocortical and associated with visible anatomical lesions (and thus easily accessible for TMS targeting). 51, 52 Deep lesions, such as periventricular nodules or even mesial temporal sclerosis, however, cannot be selectively modulated by conventional TMS coils. 53 Our results suggest that hyperexcitable cortical "partner" regions of deep lesions can be identified through structural and functional connectivity imaging, and could be accessible to neuromodulatory techniques that are successful at treating neocortical foci. This same principle underlies the use of rTMS in the approved clinical treatment of medication-refractory depression when targeted to the dorsolateral prefrontal cortex (DLPFC), since it is the functional connectivity of the DLPFC to deeper subgenual cingulate cortex that may mediate the mood effects of this stimulation treatment. 54, 55 
Limitations
There are a number of limitations, both technical and subject-related, to address. First, there is less experience with TMS-EEG as a measure of cortical physiology than with TMS-MEP, and the use of RMT as the basis for defining stimulation intensities for nonmotor regions of cortex may not be ideal. However, our finding of the augmented late response and its interpretation as a marker of cortical hyperexcitability and persistent activity in epileptic circuits are consistent with the results of other such studies in seizure disorders. There are numerous technical challenges in TMS-EEG data acquisition, including muscle artifact within the first 100 ms post-stimulation depending on target location. The effects of this and other sources of artifact were minimized by manual or ICA-based removal. Auditory evoked potential activity related to the clicking sound generated by the TMS coil could be a potential confounding signal that was not removed. However, to contribute to the observed increase in the normalized late responses, auditory evoked activity would likely have to be systematically diminished in active epilepsy patients relative to controls, as the highestamplitude activity would be expected to fall within the 100-225 ms range. In fact, we found no differences in raw TMS-evoked potentials between PNH subjects and controls during the relevant time window. While our study employed only single-pulse stimulation, paired-pulse TMSEEG is a powerful method of determining hyper-or hypo-excitability within neuronal circuits, and would likely provide useful results in a future study.
It is important to acknowledge our small patient sample. There is clearly interindividual variability in baseline responsiveness to single-pulse stimulation as well as variability within any given individual between different regions of cortex. To address this, we normalized our measures of the late components of the TMS-evoked response as already described. We cannot exclude the possibility that antiepileptic drugs (AEDs) affected our results; all but one of our PNH patients were taking AEDs at the time of TMS, and AED usage is known to alter measures of cortical excitability. 56 A subject population free of AEDs or with standardization of medications and serum levels would be ideal, but this was not feasible in our setting. Our findings, however, were robust across subjects, despite variability in the specific AEDs being used, and in general the effect of AEDs is to reduce rather than augment measures of cortical excitability. Finally, PNH is an uncommon disorder and our findings may have limited applicability to epileptogenesis in the absence of visible anatomical lesions. Further work with a larger population of heterotopia patients will be needed to confirm and extend our results, and similar studies in a broader range of epileptic disorders will be needed to examine whether analogous findings are present in other conditions associated with aberrant cortical connectivity, and to determine whether TMS-EEG metrics are associated with seizure frequency.
Conclusions
As our understanding of epileptogenic mechanisms and markers moves beyond consideration of isolated seizure foci and spontaneous epileptiform discharges, respectively, new methods will be needed to explore pathological circuits and evaluate brain network excitability. Drawing on a small number of patients with a unique developmental form of epilepsy, our work with resting-state functional MRI-guided TMS-EEG demonstrates that such a multimodal methodological approach can be employed to investigate functional cortical changes in central nervous system disease, even when lesions are not apparent or are anatomically remote.
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Figure 1. Anatomy and functional connectivity in patients with PNH
T1-weighted MR brain images show unilateral posterior gray matter heterotopia along the wall of the lateral ventricle in one patient, subject 3 in Table 1 (sagittal image in A), and diffuse bilateral periventricular heterotopic nodules in another patient, subject 7 (axial image in B), as indicated by red arrows. BOLD images acquired in these patients reveal discrete regions of cerebral cortex that demonstrate aberrant functional connectivity with the heterotopic gray matter during the task-free resting state (green areas show significant functional activation in C and D); these regions were then chosen as cortical targets for TMS in our experimental design. In subject 2, the only PNH patient in this study with an identifiable epileptogenic zone on scalp EEG, electrical source imaging was performed on the two late TMS-EEG peaks seen after stimulation of the connected target (A,B), two prominent interictal epileptiform discharges seen on conventional scalp EEG recording (C,E), and the ictal onsets of the two recorded seizures available on scalp EEG (D,F). Warm colors represent positive maxima, while cool colors represent negative maxima. In all instances, results converge on an area of the right frontal lobe that was not the site of stimulation, but overlapped with a cortical region that demonstrated functional connectivity to an underlying heterotopic nodule. Table 2 Maximum peak amplitudes and ratios in the global mean field potential after transcranial magnetic stimulation of cortical targets with aberrant connectivity. PNH subjects with active epilepsy are numbered as in Table 1 . C1-C5 represent the matched healthy controls for subjects 1-5, respectively. Columns 2, 3, and 5 show the maximum amplitudes of the largest peak evoked by stimulation of the connected target in each of the three time periods, for the PNH subjects and their matched controls. Columns 4 and 6 show the ratios of the maximum amplitudes during the late versus early time periods.
